ABSTRACT: Topographically precise projections are established early in neural development. One such topographically organized network is the auditory brainstem. In the chick, the auditory nerve transmits auditory information from the cochlea to nucleus magnocellularis (NM). NM in turn innervates nucleus laminaris (NL) bilaterally. These projections preserve the tonotopy established at the level of the cochlea. We have begun to examine the expression of Eph family proteins during the formation of these connections. Optical density measurements were used to describe gradients of Eph proteins along the tonotopic axis of NL in the neuropil, the somata, and the NM axons innervating NL at embryonic day 10, when synaptic connections from NM to NL are established. At E10 -11, NL dorsal neuropil expresses EphA4 at a higher concentration in regions encoding high frequency sounds, decreasing in concentration monotonically toward the low frequency (caudolateral) end. In the somata, both EphA4 and ephrin-B2 are concentrated at the high frequency end of the nucleus. These tonotopic gradients disappear between E13 and E15, and expression of these molecules is completely downregulated by hatching. The E10 -11 patterns run counter to an apparent gradient in dendrite density, as indicated by microtubule associated protein 2 (MAP2) immunolabeling. Finally, ephrin-B2 is also expressed in a gradient in tissue ventral to the NL neuropil. Our findings thus suggest a possible conserved mechanism for establishing topographic projections in diverse sensory systems. These results of this study provide a basis for the functional examination of the role of Eph proteins in the formation of tonotopic maps in the brainstem.
INTRODUCTION
The avian auditory brainstem is a well-characterized neural circuit that has several advantageous characteristics for exploring the mechanisms of neural development and information processing. Auditory responses are conveyed into the ipsilateral brainstem nucleus magnocellularis (NM), which in turn projects to nucleus laminaris (NL) bilaterally (Rubel and Parks, 1988) . Convergent inputs onto NL neuropil are thought to underlie neural calculation of interaural time differences (ITDs), which are critical for sound localization Young and Rubel, 1983; Carr and Konishi, 1990) . In addition to the precise spatial segregation of NM inputs to NL with respect to ITD, NL afferents also maintain a topographic arrangement similar to the organization of other sensory systems. Tonotopy is established at the level of the cochlea and is present at each level of auditory processing. The axis of tonotopy extends from rostromedial (high frequency) to caudolateral (low frequency) NM and NL. This tonotopic axis has been quantitatively described in the mature system as well as in embryos Lippe and Rubel, 1985) and thereby offers an elegant preparation in which to study developmental mechanisms involved with establishing topographic projections.
While patterned spontaneous neural activity has been suggested to be important for normal development of some sensory system maps (Cline et al., 1987) , this mechanism does not appear to have a dominant role in the development of topographic maps in the auditory brainstem and midbrain (Young and Rubel, 1986; Leake et al., 2002; Rubel and Cramer, 2002) . In contrast, molecular guidance cues have proven crucial in the establishment of topographic projections. The Eph family of proteins, including Eph receptor tyrosine kinases and their associated membrane-bound ligands, the ephrins (Eph Nomenclature Committee, 1997) , are known to directly influence the development of topographic, layer-specific projections of retinal ganglion cells to their thalamic and tectal targets in both avian and mammalian visual systems (Cheng et al., 1995; Drescher et al., 1995; Braisted et al., 1997; Connor et al., 1998; Feldheim et al., 1998; Frisén et al., 1998; Hindges et al., 2002) . In addition, gradients of Eph and ephrin signaling have been shown to be involved in development of topographic organization in motor systems and other central nervous system (CNS) pathways (Gao et al., 1996; Dearborn et al., 2002) . Recently, Ephs and ephrins have been shown to be expressed asymmetrically in the dorsal and ventral neuropil of NL at embryonic day (E) 9 and 10, when NM axons are first forming synapses onto NL. EphA4 expression is then symmetrical for several days before being dramatically downregulated by E18 (Cramer et al., 2000) . In the present study, we characterized the expression of two Eph family proteins along the tonotopic axis of NL using immunohistochemistry. Here we report a robust tonotopic gradient of EphA4 in the dorsal neuropil of NL and ephrin-B2 in the NL somata and ventral glia surrounding NL at a developmental time point when NM axons are forming synapses on NL neuropil.
MATERIALS AND METHODS

Tissue Preparation
For the observations presented here, a total of 35 chicken embryos were collected and staged according to the Hamburger-Hamilton guide (Hamburger and Hamilton, 1951) . Brainstems were dissected from embryonic day (E) 10, 11, 12, 14, 15 , and 18 chicks and fixed by immersion in 4% paraformaldehyde or a solution containing 49% ethanol, 20% formalin, and 10% glacial acetic acid in dH 2 O. For cryostat sections, tissue was rinsed in phosphate buffered saline (PBS) following fixation, then cryoprotected in 30% sucrose overnight at 4°C. Prior to sectioning, we made a sagittal cut along the midline and immersed the tissue in OCT medium.
For analyses of immunolabeling gradients (see below), an important aspect of this study is that tissue sections were cut parallel to the tonotopic axis of NL. The tissue was then oriented approximately 30°to the sagittal plane such that individual sections through the middle of NL would include the rostromedial to caudolateral extent of the nucleus, which is the orientation of the tonotopic axis . Serial 10 m sections were collected on chrome alum subbed slides and stored at Ϫ20°C. For paraffin sections, tissue was dehydrated in increasing concentrations of ethanol following fixation. Tissue was then cleared with Hemo-De (Fisher Scientific, Pittsburgh, PA) and immersed in three changes of paraffin prior to embedding in paraffin molds. Again, careful attention was paid to orientation and 10 m sections were made 30°to the parasagittal plane, containing rostromedial to caudolateral extents of the NL. Just prior to staining, slides were immersed in xylene to remove paraffin and then rehydrated in a descending series of ethanol washes.
Immunohistochemistry
The sections from each brain were divided into five alternate section series. In all cases, one set of sections was stained for Nissl bodies with thionin. The other sections were processed for immunohistochemistry with antibodies to EphA4 (n ϭ 7), ephrin-B2 (n ϭ 4), or microtubule associated protein 2 (MAP2) (n ϭ 5).
In order to determine the extent of dendritic label of Eph proteins, we stained E10 -11 and E14 -15 tissue for MAP2, which labels neuronal somata and dendrites specifically. This staining was used to define the spatial extent and density of dendritic fields for quantitative densitometric analysis (see below). The antibody against EphA4 was used in E10 -11, E14 -15, and E18 tissue. We stained only E10 -11 tissue for ephrin-B2.
The antibodies against EphA4 and ephrin-B2 used in this study have been purified and shown to bind specifically in immunoblot assays. The EphA4 antibody is a rabbit polyclonal antibody directed against the carboxy terminus of the EphA4 receptor. It was affinity-purified and shown to be specific for EphA4 in chick tissue (Soans et al., 1994) . The ephrin-B2 protein contains a spacer peptide region with a unique amino acid sequence (GSSTDBNSAGHSGNNI) against which the antibody used in this study was made. The antigen used to produce the ephrin-B2 rabbit polyclonal antibody was conjugated to ovalbumin. Thus, in order to prevent nonspecific label in chick tissue, we purified the polyclonal antibody by adsorbing anti-ovalbumin antibodies in a cyanogen bromide Sepharose column with ovalbumin conjugate (Sigma, St. Louis, MO). This process rendered the antibody specific to ephrin-B2 in chick tissue, which was verified by Western blotting .
At least three brains were processed for each antibody at E10 -11 or E14 -15. For cryostat sections, slides were removed from Ϫ20°C storage, allowed to reach room temperature, then rinsed in PBS to remove residual OCT. Paraffin-embedded tissue was rehydrated for immunohistochemistry by immersing slides in xylene followed by decreasing concentrations of ethanol. Finally, slides were rinsed in PBS. Subsequent steps of the immunoreactions were identical for both cryostat and paraffin-embedded tissue.
A PAP pen (The Binding Site Inc., San Diego, CA) was used to make hydrophobic wells around each section on a slide. Tissue was placed in 0.3% H 2 O 2 in absolute methanol for 10 min to quench endogenous peroxidase. After rinsing in PBS, tissue was incubated in a blocking solution of 5% nonfat dry milk and 0.1% triton X-100 in PBS for 1 h.
Tissue was incubated in 1 g/mL primary antibody in blocking solution in a humid chamber overnight at 4°C, then rinsed and incubated in 1:200 biotinylated goat antirabbit IgG (Vector Laboratories, Burlingame, CA) in blocking solution for 1-2 h. After extensive washing, tissue was then incubated in a solution containing an avidin horseradish peroxidase (HRP) complex (ABC, Vector) for 1 h. HRP was visualized using either the VIP substrate kit (Vector) or 0.05% diaminobenzadine. Slides were rinsed and briefly dehydrated in increasing concentrations of ethanol, then xylene, and coverslipped with DPX mounting medium (BDH Laboratory Supplies, Poole, U.K.). Alternate sections were stained for Nissl using standard thionin protocols. Negative controls were run that lacked either primary or secondary antibodies. In all cases, negative controls completely lacked staining.
Densitometry and Regression Analysis
From each brain, the section containing the longest extent of NL was chosen for quantitative analysis and imaging. Sections were photographed on a Nikon Optiphot-2 microscope using a Spot IIe digital camera and acquisition software (Diagnostic Instruments, Inc., Sterling Heights, MI). Flatfield correction was used to compensate for any unevenness in the illumination of the field.
Optical density (OD) of somata, dorsal neuropil, and ventral neuropil of NL were individually measured using Object Image software (National Institutes of Health, Bethesda, MD). In order to quantify immunolabeling in NL, we divided 40ϫ monochrome images of NL into compartments that spanned the tonotopic axis. This process amounted to outlining short regions of the neuropil or somata of the digital image using the imaging software. For example, for a single position along the nucleus, three compartments were constructed: one outlining individual somata or groups of two to three contiguous somata, another outlining adjacent dorsal neuropil, and the third outlining adjacent ventral neuropil. The OD in each compartment outlined was then calculated. This process was performed along the length of the nucleus and yielded OD values for somata, dorsal neuropil, and ventral neuropil separately for the entire length of the nucleus.
Individual OD values were then normalized to the mean OD for each group of measurements in each animal. The mean OD was determined by averaging all measurements from a given region of NL in a single section. For example, measurements OD in dorsal neuropil for EphA4 were normalized to the mean of OD in dorsal neuropil for that animal. These data were then plotted against the tonotopic position along the nucleus, which is expressed as a fraction of the total length with the high frequency end ϭ 0 and the low frequency end ϭ 1. Statview software (version 5.0; SAS Institute, Inc., Cary, NC) was used to calculate correlations and linear regressions and generate the plots of OD vs. tonotopic position.
In addition to the regression analyses on these sections, normalized OD values at the HF quarter were pooled and compared to pooled OD values at the low frequency end using two-tailed paired Student's t tests.
Comparison of Immunolabeling at High vs. Low Frequency Zones
The analyses described above are most suitable when applied to the greatest extent of the tonotopic axis, which is contained in the sections having the longest extent of NL. In order to be assured of the reliability of the gradients observed in the regression analyses, we undertook an additional analysis. In E11 tissue immunolabeled for EphA4, we measured normalized OD in all labeled sections containing NL. We computed the average OD across sections for the high frequency 30% of the nucleus and the low frequency 30%. We then compared high vs. low frequency labeling for this group using a paired t test in which each animal contributed one data point.
Preparation of Photomicrographs
The nuclei used for densitometric analysis were photographed with a SpotIIe digital camera through a 25ϫ objective and were imported into Adobe Photoshop 5.0 (Adobe Systems, Inc., San Jose, CA). The images were then cropped and adjusted for brightness and contrast, and annotated with scale bars and arrows.
RESULTS
The orientation of the tonotopic axis in NM and NL is highly stereotyped in postnatal and embryonic chicks Lippe and Rubel, 1985) . Thus, physiological measurements of best frequency were not necessary. Sections through the brainstems of postnatal and embryonic chickens were processed for immunohistochemistry to examine the expression of EphA4, ephrin-B2, and MAP2 using antibodies that have previously been established to bind specifically to their target proteins (Soans et al., 1994; Cramer et al., 2002) .
We describe our results in the context of the tonotopic organization of NL where best frequencies extend from the rostromedial end of NL (high) to the caudolateral end (low). Throughout the text, high frequency (HF) and low frequency (LF) will be used interchangeably with rostromedial and caudolateral, respectively.
In this study, we wished to determine whether there is a gradient of antigenicity for EphA4 or ephrin-B2 along the tonotopic axis of NL during synaptogenesis. However, it is well known that NL dendrites vary in size and complexity as a function of tonotopic position (Smith and Rubel, 1979; Smith, 1981) . Thus, tonotopic gradients of Eph or ephrin labeling density in a region of neuropil could be influenced both by dendritic density as well as protein expression levels. To address this possibility, we first characterized the density of NL neuropil along the axis of tonotopy by staining for the microtubule associated protein MAP2, which labels dendrites. Fig. 1(B) ]. MAP2 immunolabeling was largely restricted to the neuropil of NL at both ages tested. At E11-12, staining appears more robust at the low frequency end of the nucleus, decreasing monotonically toward the high frequency end. Figure 1( B) illustrates MAP2 immunostaining at E15. At this age, staining for MAP2 density appears nearly equivalent in neuropil across the nucleus (n ϭ 3).
The distribution of immunolabeling was quantified by measuring optical density. These measurements indicate the intensity of immunolabeling averaged within a specified region; they do not provide any indication of the extent of labeling within the nucleus. OD measurements were normalized to the mean OD of staining for MAP2 in the dorsal and ventral regions of NL and are plotted for a representative animal in Figure 1 (C) and (D). Each point represents normalized OD of a compartment of neuropil. OD plots for MAP2 increase linearly from the HF end of NL to the LF end in both dorsal (DNP) and ventral neuropil (VNP) at E11-12 [ Fig. 1(C) ]. These data indicate that dendritic density is greater at the low frequency end of the nucleus at E12 (DNP: R 2 ϭ 0.79, p Ͻ 0.001; VNP: R 2 ϭ 0.769, p Ͻ 0.001, n ϭ 1). By E15 [ Fig. 1(D) ], neuropil density gradient is less steep along the axis of tonotopy (DNP: R 2 ϭ 0.203, p Ͻ 0.05; VNP: R 2 ϭ 0.203, p Ͻ 0.03, n ϭ 1). These data allowed us to interpret apparent gradients of Eph and ephrin immunolabeling in NL neuropil against a baseline of dendritic density. MAP2 staining also was used to define the spatial extent of NL neuropil. At the low frequency end of NL, where dendritic density was greatest, the neuropil extend further from the somata layer as well (Smith and Rubel, 1979; Smith, 1981) .
Gradient of EphA4 at E10 -11
Eph receptor tyrosine kinase (RTK) and ephrin immunoreactivity in NL has been described in detail for several developmental time points previously (Cramer et al., 2000; Cramer et al., 2002) . The general staining patterns seen here corroborate previous reports. The micrographs presented here, however, show the Eph RTK staining patterns along the tonotopic axis of NL rather than in the coronal plane of section used previously. Figure 2 shows representative examples of NL sectioned along the tonotopic axis and stained for Nissl [ Fig. 2(A) ] or EphA4 receptor [ Fig. 2(B) ] at E10 -11. As described previously, EphA4 is ex- pressed in somata and dorsal neuropil of NL at E10 -11 [ Fig. 2(B) ].
At E10 -11, EphA4 is expressed in dorsal neuropil in a gradient. Immunolabeling is most intense at the high frequency end of the nucleus and decreases toward the low frequency end [Figs. 2(C,D) ]. This gradient was quantified along the length of NL for EphA4 in four animals. OD measurements are shown in Figure 2 (E). Each point represents OD measurements for a compartment drawn in the dorsal neuropil; symbols distinguish each animal. Linear regressions calculated for pooled data reveal that, at E10 -11, OD consistently decreases monotonically from high frequency to low frequency ends of NL in dorsal neuropil (R 2 ϭ 0.522; p Ͻ 0.001, n ϭ 4). This gradient runs counter to the gradient in dendritic density seen with MAP2. Thus, we are confident that the change in OD seen with EphA4 reflects a change in intensity of protein expression along the length of the nucleus. We also calculated the percent change in intensity of staining from the HF quarter to the LF quarter of the nucleus. On average, optical density of dorsal neuropil decreases 13.5% with EphA4 immunolabeling from HF to LF end of NL.
OD measurements for EphA4 expression in NL somata at E10 -11 also reveal a mean decrease in immunolabeling of 12.9% between the HF quarter and the LF quarter of the nucleus [ Fig. 2(F) ]. The overall decrease is fit well with a linear regression (R 2 ϭ 0.358; p Ͻ 0.001).
These measurements were made on the section of NL containing the longest extent of the tonotopic axis. To validate these measurements, we also measured OD for all immunolabeled sections through these brainstems. We measured OD for ten regions that spanned the tonotopic axis of NL. We combined normalized OD measurements for a single brain from the high frequency 30% of the nucleus and from the low frequency 30% of the nucleus to obtain a single value for high and low frequency regions for each brain. The mean normalized OD for the high frequency 30% in the dorsal neuropil was 1.06 Ϯ 0.17 (S.E.M., n ϭ 4), while the normalized OD for the low frequency 30% in these brainstems was 0.88 Ϯ 0.035. These were significantly different (p Ͻ 0.02; paired t test). These results suggest that measurements obtained using the longest section through NL is representative of trends throughout the nucleus.
Absence of EphA4 Immunolabeling at the LF End of the Nucleus
EphA4 antigenicity is not present in somata or neuropil at the caudolateral end of NL at E10 -11 [ Fig.   2(A) , arrowhead]. The point along NL at which EphA4 expression dropped to background levels was coincident with a divergence in the monolayer arrangement of NL as seen in alternate Nissl sections.
[For example, compare arrowheads in Figs. 2(A) and  (B) .] Because OD measurements were made only on immunolabeling that reached a threshold level, this LF region beyond the arrowheads is not included in the quantified assessments of staining presented above. Thus, while the measured gradient along the tonotopic axis is modest, our quantification of the EphA4 immunolabeling gradient is conservative.
EphA4 is expressed more intensely in the dorsal neuropil than in the ventral neuropil at E9 -11 (Cramer et al., 2000) , but at E12-13, EphA4 is upregulated in ventral neuropil. We analyzed the low levels of EphA4 expression in ventral neuropil at E10 -11 and found expression levels had a limited, but significant, correlation with position along the length of the nucleus (data not shown; R 2 ϭ 0.186; p Ͻ 0.002). We also analyzed EphA4 immunolabeling at a later stage in embryonic development. Figure 3 illustrates immunolabeling for EphA4 in tissue harvested from an embryo at E14. A Nissl section is shown in Figure 3 (A) to highlight the extent of NL. At E14 -15, EphA4 expression appears most robust at middle frequencies [ Fig. 3(B) ]. Quantification of the staining shows that immunolabeling remains high along most of the length of NL and drops off slightly at the ends of the nucleus; this pattern is consistent between somata [ Fig. 3(C) ], dorsal neuropil [DNP; Fig. 3(D) ], and ventral neuropil [VNP; Fig. 3(E) ].
Steep Gradients in Ligand Expression in Somata and Surrounding Glial Region
At E10 -11, the observed gradient in EphA4 immunolabeling is consistent with a role for EphA4 in establishing a tonotopic arrangement of synaptic connections. We next examined whether expression of the Eph ligands, the ephrins, varies along the tonotopic axis of NL at this age. Ephrin-B2, a ligand with high affinity for EphA4, is expressed in NM axons and NL cell bodies at this age . We confirmed expression of Ephrin-B2 in NL somata and NM axons [ Fig. 4 (A-C)] and also observed expression in the tissue outside of the NL neuropil [ Fig. 4(A) ].
We compared OD between the HF quarter and 70% of the LF end on the nucleus for tissue immunolabeled for ephrin-B2 to estimate the slope of the staining pattern between these regions. We performed this analysis because we observed a distinct staining pattern for ephrin-B2 that consistently declined to a minimum relative value at 70% of the LF end.
Our results show that there is a gradient in the expression of ephrin-B2 in somata along 70% of NL's tonotopic axis, decreasing monotonically from the HF end. We observed that ephrin-B2 immunolabeling decreases from the HF end to approximately 70% of the length of the nucleus where it begins to increase to the LF extent of NL. This gradient is robust and includes a mean decrease in OD of 22% (between the HF end and the region of somata 70% of the LF end) [Fig. 4(A) ]. Figure 4 (D-F) shows OD measurements for ephrin-B2 immunolabeling. Analysis of OD measurements reveals that the gradient in ephrin-B2 expression in this region is highly linear (r ϭ Ϫ0.876, R 2 ϭ 0.767, p Ͻ 0.001, n ϭ 4) [ Fig. 4(D) ]. The change in OD between the HF end and the LF 30% was significant (p Ͻ 0.0006, Student's paired t test). The increase in ephrin-B2 immunoreactivity at the extreme LF extent of NL was observed consistently as well. Ephrin-B2 immunolabeling was observed in the regions immediately adjacent to cell body free zones of the NL neuropil. Previous studies have shown that this area is largely composed of glial cells (Smith and Rubel, 1979; Rubel et al., 1981) . Ephrin-B2 expression does not vary consistently with position in the glial region surrounding NL dorsally. OD measurements for the dorsal glial region stained for ephrin-B2 are presented in Figure 4 (E) (Dglia). While there was a mean decrease of 20% along the length of the nucleus, the regression model did not fit well (R 2 ϭ 0.14).
Ephrin-B2 in the ventral margin immediately surrounding NL neuropil was expressed in a significant gradient [ Fig. 4(A) , arrowheads]. High-power micrographs reveal that regions juxtaposing NL neuropil express ephrin-B2 [ Fig. 4(C) ]. The label in these regions was quantified and the results are shown in Figure 4 (F). In the ventral glial region (Vglia), eph- rin-B2 expression is most intense at the rostromedial extent of the section, near the HF end of NL. Ephrin-B2 immunolabeling decreases monotonically toward the caudolateral extent of the section, near the LF end of NL. This gradient is described well with a linear regression model (R 2 ϭ 0.491; p Ͻ 0.001). In the ventral glial region, mean intensity of immunolabeling drops 30% along the length of the nucleus. This change in OD between the HF quarter and LF quarter of NL is significant (p Ͻ 0.01, paired t test).
In addition to NL somata and surrounding glial regions, ephrin-B2 immunolabeling is present in axons arriving from contralateral NM [ Fig. 4(A,C) ], as reported previously for E10 -11 animals . We did not attempt to quantify axonal expression because of the paucity of fibers captured in this plane of section.
DISCUSSION
The main findings in this study are that EphA4 and ephrin-B2 are expressed in gradients along the tonotopic axis of NL during the period of innervation by NM axons. EphA4 expression appears most robust at the high frequency end of the nucleus in the dorsal neuropil, decreasing toward the low frequency end. We have also shown that ephrin-B2 is expressed in a gradient in NL somata along the axis of tonotopy. In addition, ephrin-B2 is expressed in tissue surrounding NL neuropil and, in the ventral glial margin, there is a distinct monotonic gradient. Because of the strong evidence linking gradients of Eph expression to the establishment of topographically precise projections in other systems, our results suggest a potential role for EphA4 and ephrin-B2 in the formation of tonotopically precise connectivity in NL.
A limitation of our quantitative observations is that these measurements cannot be converted to absolute levels of protein and we cannot claim a ratio or interval relationship (e.g., linear, logarithmic, etc.) between variations in our OD measurements and protein levels. It is reasonable to assume an ordinal relationship. That is, our OD measurements indicate relative levels of protein, which may be sufficient to ascertain whether significant differences in expression are present at different ends of the tonotopic axis. In support of this idea, previous studies have shown that the outcome of Eph and ephrin interactions may involve relative and not absolute levels of protein (Brown et al., 2000) .
Our results are significant in the context of previously described patterns of Eph family protein expression in the developing auditory brainstem. A striking pattern of EphA4 expression arises at E10 -11; EphA4 expression is dramatically greater in dorsal neuropil compared to ventral neuropil (Cramer et al., 2000) . EphA4 is then upregulated in ventral neuropil around E12 to become symmetrical in the dorsal and ventral neuropil areas of NL. Conversely, TrkB, a neurotrophin receptor, is expressed predominantly in the ventral neuropil at E10, and this asymmetric expression pattern is maintained through hatching (Cochran et al., 1999; Cramer et al., 2000) . Trk receptors and ephrin-B ligands have been shown to share at least one downstream target, the ankyrin repeat-rich membrane spanning (ARMS) protein (Kong et al., 2001) .
In addition to EphA4, we have recently reported expression patterns of other Eph receptors and ephrin ligands in the chick auditory brainstem . The present study adds an additional degree of detail to the description of expression patterns of Eph molecules in NL. We sectioned brainstems 30°to the parasagittal plane in order to examine expression along the tonotopic axis of NL. We cannot be certain that we have included the entire length of the axis. Mapping studies show that this is the tonotopic axis in embryonic and post-hatch chicks Lippe and Rubel, 1985) , and we did observe a gradient in dendritic arbor size, suggesting that we have included a substantial portion of the axis of tonotopy (Smith, 1981 ). An advantage of our approach is that immunolabeling was compared within a single section, rather than between sections. Images of different sections can be captured under slightly different luminance conditions, and efficacy of immunohistochemical reactions may vary between sections; comparing OD in a single section should minimize these potential artifacts from influencing our measurements. We verified that differences in expression levels between high frequency and low frequency regions of NL were present when sections throughout NL were included in the analysis. On the basis of these measurements, it is reasonable to hypothesize that the gradients we observe are involved with the development of topographic projections or nuclear morphology that change as a function of position along the tonotopic axis (Rubel and Parks, 1988) .
Ephs in Guiding Tonotopic Development
There is an extensive literature on the role of Eph gradients in establishing topographic maps. In general, Eph gradients involved with topographic map formation in the visual system include countergradients of receptors and ligands (Braisted et al., 1997; Connor et al., 1998; Feldheim et al., 1998; Holash et al., 1997; Holmberg et al., 2000; Walkenhorst et al., 2000) . For example, in chick, EphA3 is expressed on retinal ganglion cell axons in a gradient counter to the gradients of ephrin-A5 and ephrin-A2 in the optic tectum (Connor et al., 1998) .
In the present report, we show that EphA4 is expressed in a gradient along the tonotopic axis of NL. Ephrin-B2 protein expression in NM axons does not appear to be regulated in a countergradient to EphA4 receptors in NL neuropil. Thus, our data are not clearly analogous to the canonical mechanisms of Eph gradients in establishing topography elsewhere in the nervous system. A further complication to interpreting these results stems from work indicating that protein splice variants and post-translational modifications influence whether an interaction between an Eph receptor and its ligand will result in an adhesive or repulsive contact (Holmberg et al., 2000; Klein, 2001; Mann et al., 2002; Hindges et al., 2002) . We did not ascertain whether Eph RTKs or ephrins expressed here were phosphorylated, which can affect their activity. The identification of expression patterns of Eph family proteins in this system does not indicate a functional role, but will nonetheless aid in the design of experiments to test the function of these proteins in the establishment of precise tonotopic connectivity.
Other Potential Roles for Eph RTK and Ephrin Gradients
